oxygen species (ROS) induce matrix metalloproteinase (MMP) activity that mediates hypertrophy and cardiac remodeling. Adiponectin (APN), an adipokine, modulates cardiac hypertrophy, but it is unknown if APN inhibits ROS-induced cardiomyocyte remodeling. We tested the hypothesis that APN ameliorates ROS-induced cardiomyocyte remodeling and investigated the mechanisms involved. Cultured adult rat ventricular myocytes (ARVM) were pretreated with recombinant APN (30 g/ml, 18 h) followed by exposure to physiologic concentrations of H2O2 (1-200 M). ARVM hypertrophy was measured by [ 3 H]leucine incorporation and atrial natriuretic factor (ANF) and brain natriuretic peptide (BNP) gene expression by RT-PCR. MMP activity was assessed by in-gel zymography. ROS was induced with angiotensin (ANG)-II (3.2 mg·kg Ϫ1 ·day Ϫ1 for 14 days) in wild-type (WT) and APN-deficient (APN-KO) mice. Myocardial MMPs, tissue inhibitors of MMPs (TIMPs), p-AMPK, and p-ERK protein expression were determined. APN significantly decreased H2O2-induced cardiomyocyte hypertrophy by decreasing total protein, protein synthesis, ANF, and BNP expression. H2O2-induced MMP-9 and MMP-2 activities were also significantly diminished by APN. APN significantly increased p-AMPK in both nonstimulated and H2O2-treated ARVM. H 2O2-induced p-ERK activity and NF-B activity were both abrogated by APN pretreatment. ANG II significantly decreased myocardial p-AMPK and increased p-ERK expression in vivo in APN-KO vs. WT mice. ANG II infusion enhanced cardiac fibrosis and MMP-2-to-TIMP-2 and MMP-9-to-TIMP-1 ratios in APN-KO vs. WT mice. Thus APN inhibits ROS-induced cardiomyocyte remodeling by activating AMPK and inhibiting ERK signaling and NF-B activity. Its effects on ROS and ultimately on MMP expression define the protective role of APN against ROSinduced cardiac remodeling. reactive oxygen species; adenosine 5=-monophosphate-activated protein kinase; matrix metalloproteinase; cardiomyocyte hypertrophy
more highly reactive radicals that lead to adverse cardiac remodeling (35) . In contrast, lower, physiological concentrations of ROS, including the relatively more stable and diffusible hydrogen peroxide (H 2 O 2 ), serve as second messengers by targeting highly specific intracellular signaling molecules and have been reported to induce cardiomyocyte hypertrophy (28, 54) . ROS also mediate the activation of various mitogen-activated protein kinases (MAPK) and nuclear factor-B (NF-B), which are implicated in cardiac hypertrophy (18, 44) .
Cardiomyocyte hypertrophy occurs in response to cardiac stress (such as hypertension or myocardial infarction) and neurohormonal activation (e.g., ANG II and endothelin) and may initially serve as a compensatory response. However, prolonged cardiac remodeling, in particularly left ventricular (LV) hypertrophy (LVH), leads to LV dilation, contractile dysfunction, and subsequent heart failure (45) . ANG II increases ROS production by activating NAD(P)H oxidase, a major source of ROS generation (9, 27) .
Adiponectin (APN) is a cytokine ("adipokine") produced predominantly in adipose tissue and is abundantly present in the plasma especially in lean, healthy individuals (4, 48) . However, APN has been reported as being expressed in cardiac myocytes under pathological conditions (11) . APN exerts antiinflammatory effects and is downregulated in obesity, hypertension, and ischemic heart disease (40) . Additionally, APN exerts antihypertrophic effects in the cardiomyocyte and protects against ischemia-reperfusion (I/R) injury (50, 51) . However, it is unknown if and by what mechanism(s) APN modulates oxidative stress. Recently, Fujita et al. (15) demonstrated that APN protects against ANG II-induced cardiac fibrosis possibly by AMP-activated protein kinase (AMPK)-dependent peroxisome proliferator-activated receptor-␣ activation. Conversely, others (58, 63) have suggested that the globular APN isoform mediates superoxide-suppressing effects in I/R injury through the reduction of oxidative/nitrative stress independent of AMPK.
We thus sought to test the hypothesis that APN is cardioprotective against ROS-induced cardiac remodeling and also to identify the involved signaling mechanisms. Our results indicate that APN protects cardiomyocytes against in vitro and in vivo adverse cardiac remodeling associated with oxidative stress via an AMPK-extracellular regulated protein kinase (ERK)-NF-B signaling axis.
MATERIALS AND METHODS
The Boston University School of Medicine Institutional Animal Care and Use Committee approved all of the study procedures related to the handling and surgery of rodents.
Isolation and treatment of adult rat cardiac myocytes. Adult rat ventricular myocytes (ARVM) were isolated as previously described (46) . Briefly, ARVM (90 -95% purity) were harvested from adult Sprague-Dawley male rats (ϳ200 -220 g) and nonconfluently plated on laminin-coated (1 g/cm 2 ; Invitrogen, Carlsbad, CA) plastic culture dishes (Fisher Scientific, Pittsburgh, PA) at a density of 30 -50 cells/mm 2 . Cells were maintained in DMEM (Invitrogen) containing 2 mg/ml BSA, 2 mmol/l L-carnitine, 5 mmol/l creatinine, 5 mmol/l taurine (Sigma-Aldrich), 100 IU/ml penicillin, and 10 g/ml streptomycin (Invitrogen) at 37°C before treatment. ARVM were subjected to physiologic amounts of H2O2 (1-200 M), which has previously been described to induce hypertrophy (28, 54) . In some experiments, ARVM were pretreated with recombinant APN (30 g/ml) for 18 h.
In vivo murine model. Male wild-type (WT) and APN-deficient (APN-KO) mice in a C57/BL6 background were used in this study, as described by Fujita et al. (15) . WT and APN-KO mice were subjected to subcutaneous ANG II (3.2 mg·kg Ϫ1 ·day Ϫ1 ) or saline infusion using an implanted osmotic minipump (Durect, Cupertino, CA). Mice were killed after 14 days, hearts were dissected, and the LV was snap frozen in liquid nitrogen. Tail cuff blood pressure, noninvasive heart rate, morphology, and echocardiography measurements were measured as previously described (15) .
Histology analysis. Cardiac fibrosis was assessed in mouse hearts using a Masson trichrome stain kit (Sigma-Aldrich, St. Louis, MO). Briefly, tissue samples were frozen in optimum cutting temperature compound. Samples were sectioned at a thickness of 5-10 M and fixed in 4% paraformaldehyde for 2-5 min at room temperature. Cell nuclei were first stained with Weigert's iron hematoxylin, followed by Beibrich scarlet-acid fuchsin staining for cytoplasm and muscle cells. Slides were then treated with phosphotungstic and phosphomolydic acid and finally stained for collagen with aniline blue. Slides were observed under light microscopy (Olympus 4, ϫ400 magnification), and images were taken using the MagnaFIRE software. Fibrosis was quantified using ImageJ measuring software (National Institutes of Health).
Chemicals and reagents. H2O2 (30%, wt/wt) and trichloroacetic acid were purchased from (Sigma-Aldrich). Recombinant APN was prepared as previously described (39) . Mouse APN (amino acids 15-247) was cloned into the bacterial expression vector pTrcHisB (Amersham). The histidine-tagged proteins were purified using nickel ion-agarose column, mono Q column, and for removal of lipopolysaccharide, Detoxi-Gel Affinity Pak column (Pierce Scientific, Rockford, IL). NEMO-binding domain binding peptide (NBD) for NF-B inhibition was purchased from Calbiochem (Rockland, MA).
[ 3 H]leucine incorporation assay. Protein synthesis as an indication of cardiomyocyte hypertrophy was measured using a [ 3 H]leucine incorporation assay described previously (60) . ARVM were plated on sixwell plastic culture dishes (Fisher) and pretreated with or without 30 g/ml APN for 18 h. Culture media were replaced with media containing 0.5 C/ml of L- [4,5- 3 H]leucine (Amersham Biosciences, Piscataway, NJ) with or without 1 M H2O2 for 48 h. Cells were then washed with PBS and precipitated in 10% TCA for 30 min at 4°C and solubilized in 0.4 M NaOH for 30 min at room temperature. Samples were diluted in Ultima Gold-XR liquid scinitillation cocktail (Perkin Elmer Life Sciences, Waltham, MA), and samples were measured for radioactivity using Beckman LS 3801 liquid scintillation counter. Data are expressed as count per minute.
Protein concentration measurement. To assess for hypertrophy of ARVMs in the presence of H2O2, total protein concentration was measured as previously described (26) . Cells were plated on sixwell plastic culture dishes and pretreated with or without 30 g/ml APN for 18 h. Cells were then treated with 10 M H2O2 for 24 h.
Following exposure, cell numbers were counted on a 1-mm 2 grid under light microscopy. Cells were lysed, scraped, and collected in cold lysis buffer, and total protein concentration was measured by Bradford assay (Bio-Rad Laboratories, Hercules, CA). Protein amounts were divided by the number of viable cells in each well, and data were expressed as a protein-to-cell ratio and normalized to control. To assess the role of NF-B activity on H 2O2-mediated hypertrophy, a similar experiment was conducted using NBD (6.25 M/30-min pretreatment) to inhibit NF-B to activation.
In gel zymography to assess MMP activity. MMP activity was determined by in-gel zymography as described previously (46) . Briefly, isolated ARVM were plated in serum free media and pretreated with or without 30 g/ml APN for 18 h, followed by treatment with 10 M H 2O2 for an additional 18 h. Media was then collected and centrifuged (5000 g/3 min) to remove debris, and the supernatant was concentrated in Centricon YM-30 concentrator (Millipore, Billerica, MA). Protein concentration was determined by Bradford assay (Bio-Rad), and MMP activity (50 -75 g total protein/sample) was measured by in-gel zymography using 10% precast gel with a gelatin substrate (Bio-Rad). Gels were washed in 2.5% Triton X-100 for 30 min, followed by an additional 30-min wash in H 2O before digestion at 37°C for 18 h in enzyme buffer (50 mM Tris·HCl, 5 mM CaCl 2, and 0.02% NaN 3 pH 8.0). Gels were stained in Coomassie Brilliant Blue (Sigma-Aldrich), and unstained regions were quantified by densitometry using ImageJ measuring software (National Institutes of Health). MMP identity was determined by estimated molecular weights against prestained molecular weight markers.
RNA isolation and RT-PCR to assess gene expression. Atrial natriuretic factor (ANF), brain natriuretic peptide (BNP), and GAPDH mRNA levels from isolated ARVMs were quantified by RT-PCR. Following experimental procedures, total RNA was extracted from ARVM with Qiagen RNeasy Micro kit (Valencia, CA) according to the manufacturer's instructions. cDNA was generated from total RNA using SuperScript III first-strand synthesis kit purchased from Invitrogen. ANF, BNP, and GAPDH transcript expression levels were quantified by StepOne Plus real-time PCR detection systems (Applied Biosystems, Warrington, UK) using SYBR Green Master Mix (Applied Biosystems). ANF and BNP transcript levels were then adjusted relative to GAPDH expression. The PCR primers were manufactured by Integrated DNA Technologies (Coralville, IA), and the rat sequences were as follows: ANF forward: 5=-GGGGGTAGGATTGA-CAGGAT-3= and ANF reverse: 5=-GGATCTTTTGCGATCTGCTC-3=; BNP forward: 5=-GCTGCTTTGGGCAGAAGATA-3= and BNP reverse: 5=-AGAGTCTGCAGCCAGGAGGT-3=; GAPDH forward: 5=-CTGCACCACCAACTGCTTAG-3= and GAPDH reverse: 5=-CTTCTGAGTGGCAGTGATGG-3=. Additionally, mRNA levels of the NAD(P)H oxidase subunits p22 phox and p47 phox from mouse ventricles were also measured by RT-PCR. Total RNA was extracted from mouse tissue as described above. Transcript levels of p22 phox and p47 phox were then adjusted relative to the expression of GAPDH. The PCR primers were manufactured by Integrated DNA Technologies, and the mouse sequences were as follows: p22 phox forward: 5=-GTCCAC-CATGGAGCGATGTG-3= and p22 phox reverse: 5=-CAATGGC-CAAGCAGACGGTC-3=; p47 phox forward: 5=-GATGTTCCCCATT-GAGGCCG-3= and p47 phox reverse: 5=-GTTTCAGGTCATCAGGC-CGC-3=; GAPDH forward: 5=-CCAAGGTCATCCATGACAACT-3= and GAPDH reverse: 5=-GGGCCATCCACAGTCTTCT-3=.
Western blot analysis. Homogenized cardiac tissue from mouse hearts were subjected to SDS-PAGE (12% Tris-glycine gels, Lonza, Rockland, ME) and Western blotting for MMP-2, MMP-9, tissue inhibitor of MMP-2 (TIMP-2), and TIMP-1 expression. Phosphorylated p-AMPK and p-ERK signaling proteins were also measured. In addition, following H2O2 treatment of ARVM, samples were prepared and subjected to 12% SDS-PAGE and Western blotting for phosphorylated and total ERK, phosphorylated and total p38, and phosphorylated and total JNK, and phosphorylated and total AMPK. The following primary antibodies were used: monoclonal rabbit antibody against p-p44/42 extracellular signal regulated kinase (ERK) (1: 1,000), polyclonal rabbit total p44/42 ERK (1:1,000), polyclonal rabbit p-p38 MAPK (1:1,000), polyclonal rabbit total p38 MAPK (1:1,000), polyclonal rabbit p-JNK (1:1,000), polyclonal rabbit total JNK (1:1,000), polyclonal rabbit p-AMPK␣ (Thr172; 1:1,000), and polyclonal rabbit AMPK␣ (Cell Signaling Technology, Danvers, MA); mouse anti-MMP-2 monoclonal antibody (1:1,000; Chemicon International, Temecula, CA); rabbit anti-rat MMP-9 polyclonal antibody (1:1,000), rabbit anti-human TIMP-1 polyclonal antibody (1: 400), and rabbit anti-TIMP-2 polyclonal antibody (1:5,000; all from Millipore); and mouse anti-GAPDH monoclonal antibody (Thermo Scientific. Rockford, IL). Membranes were then probed with either goat anti-rabbit or goat anti-mouse horseradish peroxidase-conjugated secondary antibodies (1:5,000; Santa Cruz Biotechnology, Santa Cruz, CA). Blots were detected with ECL Western blotting detection reagent (Amersham), and chemiluminescence was quantified by densitometry using ImageJ measuring software (National Institutes of Health). Protein expression was normalized for equal protein loading, and data is expressed in arbitrary units relative to control.
Luciferase reporter assay. Recombinant adenoviral vector expressing NF-B transcriptional activation (Ad.NF-B-Luc) was prepared from pNF-B-Luc plasmid (Clontech Laboratories, Mountain View, CA). The adenoviral titer was 10 13 DNA particles/ml. ARVM were plated on 35-mm tissue culture plates and transfected with Ad.NFBLuc at a multiplicity of infection of 50 particles per cell. At 18 h after transfection, cell culture media were changed and cells were pretreated with APN (30 g/ml for 18 h; control cells were not pretreated with APN). Cells were then stimulated with or without H 2O2, and samples were collected and subjected to luciferase assay following the manufacturer's instructions (Stratagene, La Jolle, CA). Briefly, cells were lysed in lysis buffer (25 mM Tris-phosphate, 2 mM DTT, 2 mM 1,2-diaminocyclohexane-N,N,N=,N=-tetraacetic acid, 10% glycerol, and 1% Triton X-100), scraped into microcentrifuge tubes, and centrifuged at 14,000 g for 10 min. The supernatant was collected, and a sample volume of each lysate was mixed with equal volume of luciferase substrate-assay buffer. Light production was measured using a TD-20e luminometer (Turner Designs, Sunnyvale CA) with an integration time of 5-30 s. Data are expressed in relative light units and normalized to protein concentration of each sample.
Statistical analysis. All data are expressed as means Ϯ SE; differences among multiple conditions were determined by ANOVA followed by a paired t-test with the Bonferroni correction for multiple comparisons. P values Ͻ0.05 were considered significant. ) completely abrogated this increase in protein quantity per cell in response to H2O2-stimulation (#P Ͻ 0.01; n ϭ 3). C: atrial natriuretic factor (ANF) mRNA expression was increased by 28 Ϯ 9% in response to H2O2 (200 M/2 h) vs. control (*P Ͻ 0.05). Pretreatment with APN completely abrogated ANF mRNA expression in response to H2O2 vs. non-APN pretreated controls (*P Ͻ 0.05; n ϭ 3). D: similarly, brain natriuretic peptide (BNP) mRNA expression was increased 36 Ϯ 12% in response to H2O2, (*P Ͻ 0.05 vs. control) and decreased to below basal levels by APN pretreatment vs. non-APN pretreated controls ( # P Ͻ 0.01; n ϭ 4). ANF and BNP levels were normalized to GAPDH mRNA expression, and results are expressed relative to control. both). APN pretreatment abrogated ANF and BNP expression in response to H 2 O 2 . Thus APN prevents cardiomyocyte hypertrophy in response to physiologic levels of ROS in vitro.
RESULTS

APN attenuates
APN diminishes H 2 O 2 -induced MMP-2 and MMP-9 activity in vitro.
With the use of in-gel zymography, H 2 O 2 treatment increased MMP-9 and MMP-2 activity by a factor of 1.6 Ϯ 0.2 and 2.4 Ϯ 0.5, respectively (P Ͻ 0.01 vs. control for both; Fig. 2, A-C Fig. 3, A and  B) . H 2 O 2 enhanced p-p38 expression by a factor of 3.3 Ϯ 0.8 (P Ͻ 0.05 vs. control), but APN pretreatment did not affect this p-p38 expression (Fig. 4, A and B) . Neither H 2 O 2 nor APN pretreatment had any effect on p-JNK expression (Fig. 4, C and  D) . Thus APN modulates p-ERK expression but not the stressactivated kinases p38 or JNK in response to physiologic oxidative stress.
APN increases p-AMPK expression and inhibits H 2 O 2 -induced NF-B activity in vitro. ARVM were pretreated with APN before stimulation with H 2 O 2 . Interestingly, APN increased p-AMPK by 59 Ϯ 15% (P Ͻ 0.01) and 81 Ϯ 22% (P Ͻ 0.05) in both untreated and H 2 O 2 treated ARVM, respectively (Fig. 5, A and B) . H 2 O 2 alone had no effect on p-AMPK expression vs. non-H 2 O 2 controls.
To further investigate how APN modulates intracellular signaling pathways that influence cardiomyocyte hypertrophy, we examined in vitro NF-B activity, a transcription factor implicated in both in vitro and in vivo cardiomyocyte hypertrophy and that is reportedly mediated by ROS (22, 44) . Fig. 2 . In-gel zymography assessment of matrix metalloproteinase (MMP)-9 and MMP-2 activity. A: MMP-9 gelatinase activity was localized to ϳ90 kDa. MMP gelatinase activity in left ventricular (LV) myocyte-conditioned media was increased 57 Ϯ 16% after treatment with H2O2 (#P Ͻ 0.01 vs. control). APN pretreatment completely inhibited the increase in MMP-9 activity in response to H2O2 (*P Ͻ 0.05 vs. H2O2 alone; n ϭ 5). B: MMP-2 gelatinase activity was localized to ϳ70 kDa. MMP gelatinase activity was increased by 1.4 Ϯ 0.5-fold after treatment with H2O2 (#P Ͻ 0.01 vs. control). Increase in MMP-2 activity seen with H2O2 was significantly reduced by APN pretreatment (*P Ͻ 0.05 vs. H2O2 alone; n ϭ 6). C: representative gelatin zymogram of MMP activity in conditioned media taken from untreated LV myocytes and those treated with 10 M H2O2 and/or pretreated with APN (30 g·ml Ϫ1 ·18 h
Ϫ1
; 10 5 total cells; n ϭ 5-6). MMP gelatinolytic activity was observed between 100 and 50 kDa, which is consistent with MMP-2 and MMP-9. (Fig. 5C ). H 2 O 2 increased NF-B activity by 68 Ϯ 17% (P Ͻ 0.01 vs. control). APN pretreatment diminished H 2 O 2 -induced NF-B activity to almost baseline levels (ϳ6% above baseline levels; P Ͻ 0.05 vs. non-APN-H 2 O 2 -stimulated ARVM). In addition, we further investigated the relationship between NF-B activity and H 2 O 2 -mediated hypertrophy in ARVM. Pretreatment of ARVMs with NBD (6.25 M/30 min) before H 2 O 2 stimulation resulted in 29 Ϯ 6% decrease in protein content per cell ( Fig.  5D ; P Ͻ 0.05 vs. non-NBD-H 2 O 2 -stimulated ARVM), therefore demonstrating that the role of NF-B in H 2 O 2 -mediated cardiomyocyte hypertrophy.
We sought to determine the significance of these findings in an established in vivo animal model of increased oxidative stress using chronic ANG II infusion in APN-KO mice (15) . ANG II increases gene expression of NAD(P)H oxidase subunits and induces severe cardiac fibrosis in APN-KO mice (15) . APN replacement protected against ANG II-induced cardiac fibrosis (15) . As expected, ANG II (3.2 mg·kg Ϫ1 ·day Ϫ1 ) for 14 days induced hypertension and cardiac hypertrophy in APN-KO vs. WT mice. The ANG II-induced cardiac hypertrophy seen in the APN-KO mice may be independent of systolic blood pressure as there was no difference in systolic blood pressure between the APN-KO vs. WT mice ( Table 1 ). The marked increase in cardiac hypertrophy was LVH, since LV wall thickness was measured by echocardiography and was most marked in APN-KO ANG II hearts (Table 2) . ANG II increased expression of the NAD(P)H oxidase subunits: p22 phox and p47 phox in WT mice and was further increased in APN-KO mice (P Ͻ 0.01; Fig. 6, A and B) similar to the findings of Fujita et al. (15) .
Loss of APN potentiates cardiac fibrosis and MMP activity in the LV of ANG II-infused mice.
Cardiac fibrosis was quantified after Masson trichrome stain was performed. Chronic ANG II infusion increased interstitial and perivascular fibrosis in the LV of WT mice by 7.9-fold (P Ͻ 0.001 vs. WT alone; Fig. 7 , A and Bii). This increased fibrosis was further enhanced in the LV of APN-KO ANG II hearts by 2.4-fold (P Ͻ 0.001 vs. WT ANG II; Fig. 7Biv ). Because ROS induces MMP activity (24) and both play a role in pathological cardiac remodeling, we sought to determine myocardial MMP-2 and MMP-9 expression. ANG II infusion increased MMP-2 and MMP-9 expression by 63 Ϯ 3 and 133.3 Ϯ 3%, respectively, in WT hearts (P Ͻ 0.05 vs. WT saline for both; Fig. 7 , D and F) and further augmented this increase in APN-KO hearts by 44 and 56%, respectively (P Ͻ 0.05 vs. APN-KO-saline for both). Neither ANG II infusion nor APN deficiency affected LV TIMP-1 or TIMP-2 expression (data not shown). Since TIMP-2 is the tissue inhibitor of MMP-2 and TIMP-1 for MMP-9, the ratio of the MMP and its inhibitor was reported to indicate an index of net MMP activation. Therefore, the ratio of MMP-2 to TIMP-2 (4.5 Ϯ 1.3 vs. 1.8 Ϯ 0.6) and MMP-9 to TIMP-1 (4.6 Ϯ 1.1 vs. 1.9 Ϯ 0.5) was significantly increased in APN-KO hearts in response to ANG II infusion vs. WT ANG II (P Ͻ 0.05 for both; Fig. 7, C and E) . (Fig. 8, A-D) . Additionally, in the LV of APN-KO ANG II mice, p-AMPK protein expression was significantly decreased by 105 Ϯ 4% (P Ͻ 0.001), while p-ERK expression was increased by 38 Ϯ 5% (P Ͻ 0.05) vs. WT ANG II. These results suggest that endogenous APN positively regulates AMPK activity, while negatively regulating ERK activity in vivo, supporting the above in vitro data.
ANG II effects on p-ERK and p-AMPK expression in the LV of APN-deficient mice. ANG II infusion demonstrated nonsignificant trends to increased expression of p-AMPK and p-ERK in WT hearts
DISCUSSION
Here, we demonstrate that: 1) APN plays a protective role against ROS-induced, adverse cardiomyocyte remodeling; and 2) APN mediates these cardioprotective effects via both positive and negative regulation of AMPK and ERK signaling, respectively, and downstream regulation of NF-B activity.
Physiological ROS induces hypertrophy. Multiple factors including systemic hypertension, I/R injury, myocardial infarction, and diabetes all contribute to increased systemic and myocardial ROS production (16, 23, 43 ). NAD(P)H oxidase is the major enzymatic source for ROS production in cardiomyocytes (18, 52) , and its activity is increased in human heart failure (20, 37) . Studies (3, 36) indicate that factors such as ANG II, TNF␣, and ␣ 1 -adrenergic receptor agonists, lead to enhanced ROS generation and induce hypertrophy in isolated cardiomyocytes. However, physiological levels of oxidative stress is sufficient to induce cardiomyocyte hypertrophy (1, 28, 57) . The dose of H 2 O 2 used in in vitro experiments ranged from 1 to 200 M, which has previously been described to induce cardiac hypertrophy without immediately affecting cell survival (1, 28, 57) . However, others (59) have used greater doses of "physiological" H 2 O 2 (Ͼ10 3 -fold) in cell culture when BSA is used because serum albumin scavenges free radicals (19) . Additionally, our in vivo studies also demonstrate that ANG II infusion increased two of the subunits of NAD(P)H oxidase (p22 phox and p47 phox expression), a source of ROS, and was associated with LVH. Thus our data are consistent in that a physiologic level of H 2 O 2 induced cardiomyocyte hypertrophy.
APN ameliorates the effects of ROS on cardiac remodeling.
APN mediates cardioprotective roles against adverse changes in the heart such as fibrosis and hypertrophy (15, 17, 40, 49, 50, 58) , but the mechanism may be more complex (38) . ANG II induces NAD(P)H oxidase activation, leading to a significant increase in MMP-2, suggesting that ROS play a role in cardiac fibrosis and remodeling (34, 53, 61) . Consistent with these findings, our data indicate that APN (in addition to ameliorating LVH) protected against the development of fibrosis and limited matrix remodeling in response to ANG II infusion in vivo by suppressing expression of MMP-2 and MMP-9. There was no effect on TIMP expression, the endogenous inhibitors of MMPs, which is in agreement with our prior findings in aldosterone-infused APN-KO hearts (47) . Therefore, the increased MMP-to-TIMP ratio seen in ANG IIinfused APN-KO hearts is a measure of net MMP activation and results in an MMP/TIMP stoichiometry that would favor increased myocardial matrix degradation and a prolonged/persistent matrix proteolytic state. Similarly, the loss of endogenous MMP inhibitory control favors prolonged MMP activity within the APN-KO ANG II hearts. This abnormal MMP-to-TIMP balance seen in ANG II-infused hearts is exacerbated in APN-KO ANG II hearts and is associated with the greatest degree of LV remodeling (41, 55) .
Our in vitro data indicates that APN prevented ROS-induced cardiomyocyte hypertrophy. Oxidative stress itself induces MMP activity (2, 29) , and our in vitro data show that APN modulates H 2 O 2 -induced MMP-9 and -2 activities. Taken together, these data provide a link among ROS production (induced by ANG II), cardiac hypertrophy, and MMP activity, suggesting that APN exerts cardioprotective benefits by modulating ROS-mediated signaling.
Physiological ROS induces ERK and not the stress-activated kinases. ROS can function as second messenger molecules and affect intracellular signaling cascades that subsequently alter cardiomyocyte phenotypes, inducing changes in the myocardium and eventual heart failure (12) . ROS activate the ERK, p38 kinase, and JNK members of the MAPK signaling cascades in cardiomyocytes (56) . In addition to H 2 O 2 increasing ERK activity and cardiomyocyte hypertrophy (28) , in vivo studies with transgenic mice have linked ERK activation with adaptive cardiomyocyte hypertrophy (5). Conversely, APN has been shown to have an inhibitory effect on ERK activity in cardiomyocytes (50) . Lack of APN in pressure overload increased cardiac p-ERK expression compared with WT controls, and the addition of recombinant APN reduced norepinephrineinduced ERK phosphorylation in neonatal rat ventricular myocytes (NRVM) (50) . In our study, APN prevented ROS-induced ERK phosphorylation in ARVMs and mice deficient in APN had increased p-ERK expression in the LV. JNK and p38 expression was not involved in the signaling pathway in our system, and previous reports (28) indicate that JNK mediates only a proapoptotic response at much higher H 2 O 2 concentrations than that utilized in our system in isolated cardiomyocytes.
APN increases p-AMPK expression and inhibits H 2 O 2 -induced NF-B activity in vitro.
AMPK activity has been described as a negative regulator of cell growth and hypertrophy (25) . AMPK inhibits cardiac hypertrophy in phenylephrinestimulated NRVM (8) , as well as in rats subjected to pressure overload (31) . APN stimulates AMPK activity in cardiomyocytes both in vitro and in vivo (33, 50) . In the present study, although ANG II infusion had no significant effect on AMPK activity in vivo, AMPK activity was significantly diminished in APN-KO mice at baseline. Similarly, the presence of H 2 O 2 at a physiologic, prohypertrophic dose had no effect on AMPK activity, while APN pretreatment induced AMPK phosphorylation. Taken together, this suggests that APN inhibits cardiac hypertrophy as ROS gradually accumulate. It has been reported that APN-mediated activation of AMPK inhibits ERK phosphorylation (15), suggesting a possible APN/AMPK/ERK signaling pathway involved in the inhibition of cardiac hypertrophy (13, 42, 50, 65) .
Several reports (10, 21, 22, 30, 44, 62, 66) have implicated NF-B activation and nuclear translocation in the development of cardiomyocyte hypertrophy in vitro in response to TNF-␣, ANG II, endothelin-1, phenylephrine stimulation, and also ROS. Likewise, NF-B activation is involved in the development of LVH in pressure overload and during ANG II infusion (14, 32) . Contradictory studies (6, 10) suggest that ROS may either activate or inhibit NF-B, indicating perhaps a dual effect of these oxidants on the signaling pathways that mediate NF-B activation. While higher concentrations of H 2 O 2 have been suggested not to cause NF-B activation and may even lead to its inhibition, lower concentrations may actually stimulate NF-B activity (64) . Using a luciferase reporter, we showed that physiologic concentrations of H 2 O 2 led to NF-B activation in ARVM, while pretreatment with APN significantly attenuated NF-B activity. Others (31) have reported that long-term activation of the AMPK signaling pathway with 5-aminoimidazole 1 carboxamide ribonucleoside mediates downstream inhibition of both ERK signaling and NF-B activation and attenuates LVH in vivo. Both in vitro and in vivo studies indicate that NF-B activation and subsequent cardiac hypertrophy and fibrosis occur in response to an ANG II/ROS/MEK/ERK signaling pathway (7, 66) . Also, APN inhibited ANG II-mediated NRVM hypertrophy via AMPKmediated suppression of NF-B (62) . Nevertheless, the involvement of NF-B activity in response to oxidative stress remains controversial. Further experiments are needed to determine cross-talk between NF-B and other key signaling factors including ERK and AMPK.
In summary, the findings in this current study indicate that APN protects against adverse cardiomyocyte hypertrophy and LVH in response to the accumulation of ROS and mediates inhibitory effects on MMP expression and activity. Additionally, APN has anti-hypertrophic functions in cardiomyocytes via an interaction with an AMPK/ERK/NF-B signaling axis.
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